Abstract -This paper describes a control scheme of speed sensorless fuzzy direct torque control (FDTC) of permanent magnet synchronous motor for electric vehicle (EV). Electric vehicle requires fast torque response and high efficiency of the drive. Speed sensorless FDTC In-wheel PMSM drives without mechanical speed sensors at the motor shaft have the attractions of low cost, quick response and high reliability in electric vehicle application. This paper presents a new approach to estimate the speed of in-wheel electrical vehicles based on Model Reference Adaptive System (MRAS). The direct torque control suffers in low speeds due to the effect of changes in stator resistance on the flux measurements. To improve the system performance at low speeds, a PI-fuzzy resistance estimator is proposed to eliminate the error due to changes in stator resistance. High performance sensorless drive of the in-wheel motor based on MRAS with on line stator resistance tuning is established for four motorized wheels electric vehicle and the whole system is simulated by matalb/simulink. The simulation results show the effectiveness of the new control strategy. This proposed control strategy is extensively used in electric vehicle application.
Introduction
The primary topology of power train system in electric vehicle has not evolved greatly since the emergence of electric vehicles. The conventional electric vehicle has a concentrated power system, which, as illustrated in Fig. 1 , has only motor and has to engage a differential to distribute the driving power for the left and the right wheels. Compared with the IC engine vehicle, this type of electric vehicle can be thought of as a simple replacement of the engine by a motor and the gas tank by the battery, which results in extra mechanical parts and more maintenance, and also hinders the performance of motion control implemented in the vehicle. However, the practical use of in-wheel motor (Fig. 2) has allowed for some revolutionary changes in the design of electric vehicle with the introduction of new topologies. In the following century, the technology of in-wheel motors developed continuously. Especially in last several decades, in-wheel motors have been improved dramatically due to rapid developments in power electronics and electromagnetic technology [1, 2] and [3] .
Compared with the conventional electric vehicle design with a single motor situated centrally driving two or four wheels by axles (Figs. 1(b) and (c)), the in-wheel motor arrangement has some significant advantages:
-High controllability for all-wheel driving vehicles -High energy efficiency Due to the advantages of in-wheel motors, there is no doubt that more and more electric vehicles will adopt the topologies of the powertrain system shown in Figure 3 to make full use of these merits. Therefore, the electric vehicle driven by four in-wheel motors is used in this work.
Electric vehicle is a road vehicle, based on electric propulsion. The electric propulsion system is the heart new generation of EV [4] . It consists of the motor drive, transmission device, and wheels. The motor drive consists of the electric motor, power converter, and electronic controller, which are the core of the EV propulsion system. Traditionally, DC motors have been prominent in electric propulsion because their torque-speed characteristics have suited to traction requirement well and their speed control is simple. Recently, permanent magnet synchronous motors (PMSM) have been extensively analyzed as feasible candidates for variable speed electric vehicle (EV) traction application [5] . The PMSM exhibits high efficiency when operating at constant speed in the constant torque region due to its lower (copper) losses. For improving the dynamic performance of induction motor drives for electric vehicle propulsion, generally vector control techniques is preferred. In recent years an innovative control method called direct torque control (DTC) has gained the attraction for electric propulsion system [6] [7] [8] , because it can also produce fast torque control of the permanent magnet synchronous motor and does not need heavy computation on-line, in contrast to vector control.
The proposed control structure is based on the sensorless fuzzy direct torque control (FDTC) for each in-wheel motor. The main goal of using a FDTC algorithm for PMSM drives is to overcome some of the drawbacks of the original DTC. However, this reduces torque ripple greatly and the fast response and robustness merits of the classical DTC [9] [10] [11] [12] [13] are entirely preserved by eliminating hysteresis regulators of flux and torque.
Sensorless control of permanent magnet synchronous motor drives is now receiving wide attention [15] [16] [17] [18] [19] . The main reason is that the speed sensors spoils the ruggedness and simplicity of PMSM. In a hostile environment, speed sensors cannot even mounted. This paper is organized as follow : First, a four wheel vehicle model is presented. In section 2, a speed sensorless control is proposed. In this case, speed estimation is based on MRAS (Model Reference Adaptive System) method. Especially, it is not very sensitive to the parameters of motor, so MRAS is a widely applicable method and it attracts much attension [15] [16] [17] [18] [19] . In section 3, the problems of stator resistance for the fuzzy direct torque controlled permanent magnet synchronous machine drive have been examined. The relationship between the reference current vector and the reference flux and torque has been determined and then used for s R estimation. A PI-fuzzy compensation method of the s R variation based on stator flux has been proposed and verified through modelling and simulation. Simulation results show the effectiveness of the proposed scheme on the steady-state and transient performance of the drive. The proposed estimator does not require rotor position information and hence retains the sensorless nature of fuzzy DTC of PMSM in-wheel motor. Finally, a series of Matlab/Simulink simulation will carried out to evaluate the performance of the proposed sensorless control system on a curved road.
Structure of Proposed Electric Vehicle
The electric vehicle structure is composed of four permanent magnet synchronous motors (PMSM). They are integrated in the front and rear wheels of vehicle. They are supplied by a battery through DC-AC inverters. The Fig. 3 illustrates the proposed of EV structure which couples the dynamics of vehicle to electrical motorisation. 
Dynamic model
The dynamic motion of the vehicle is modelled by three equations that represent respectively the longitudinal and lateral translational motion and the yaw rotational movement (Fig. 4) [20] : Although there are many ways to obtain the mathematical model, a procedure based on Lagrange equations will be followed here; neglecting the relational kinetic energy of the wheels the kinetic energy of the vehicle is as follows:
and the equations of motion can be obtained by the relation : 
Using a linear tire model, the front and rear cornering forces can be expressed as the product of the cornering stiffness ( f C , r C ) by the sideslip angle ( f α , r α )
The sideslip angles of the wheels can be expressed easily We can obtain the three governing equations of motion by finding the resultant of forces acting on vehicle in x , y directions and the total yawing moment about the center of gravity CG, then substituting in the system of equations (equation 5) with taken in consedration the cornering forces and the sideslip angles. The longitudinal, lateral and angular accelerations of vehicle are represented as follow. By applying a driving force to a tire which has a certain slip ( λ ), the longitudinal coefficient ( µ ) is influenced by the wheel sideslip angle ( f α , r α ). Moreover, the longitudinal slip can be defined for the four wheels as :
Where ω R is the wheel radius, ω is the angular velocity of the in-wheel motor and t u is the linear speed at which the contact zone moves on the ground and can be written for the four wheels as [21] : The "Magic Formul" is used to describe the longitudinal road/tire interaction, namely the relationship between slip ratio λ and traction coefficient µ [20] [21] [22] . In the Pacejka's magic model, the normalized traction force (i.e. µ ) between tire and road is medeled as: The longitudinal force for the four in-wheel motors can be calculated by the next equation:
The drive system model can be described by the following mechanical equations:
Where ri T is the resistance torque r f N N , are the front and rear normal force have the following expressions:
Sensorless Fuzzy DTC with PI Fuzzy Stator Resistance Estimator
The fuzzy direct torque control uses the stator flux amplitude and the electromagnetic torque errors through two fuzzy logic controllers to generate a voltage space vector (reference voltage) by acting on both the amplitude and the angle of its components, which is used by a space vector modulation to provide the inverter switching states. The mamdani's and sugeno methods are used for the fuzzy reasoning algorithms in the two fuzzy logic controllers [7] .
PI-fuzzy stator resistance estimator
With Fuzzy DTC, the electromagnetic torque and stator flux can be estimated using the measured stator voltages and currents. The estimation does not depend on motor parameters except for the stator resistance. The variation of stator resistance due to change on temperature or frequency degrade the performance of fuzzy DTC controlled by introducing errors in the estimated flux linkage vector and the electromagnetic torque. Compensation for the effect of stator resistance variation then become necessary. Estimation of the stator resistance and its compensation using a PIfuzzy estimator has been proposed in this section.
The block diagram of PI-Fuzzy stator resistance compensator is shown in Fig. 6 . The error in the stator flux linkage is used as an input to the PI-Fuzzy estimator. The technique is based on the principle that the change in stator resistance will cause a change in stator current and stator flux linkage s Φ . The error between the stator flux linkage s Φ and its reference * s Φ is propotional to the stator resistance change.
The equation for PI resistance is given by:
Where T is the sampling time, p k and i k are the proportional and integral gains of the PI estimator, s R ∆ is the change in the stator resistance. Φ is passed through a low pass filter with a very low cuttof frequency in order to attenuate stator flux. Then the signal is passed through a PI-Fuzzy estimator. can used directly in the controller [26] . To study the performance of the PI-Fuzzy resistance estimator with sensorless fuzzy direct torque control strategy, the simulation was conducted using Matlab/ Simulink. Figs. 7 and 8 show the simulation results for a step stator resistance change for uncompensated and compensated system respectively.
In actual operating conditions, the rate of change of temperature is quite slow. A linear changing stator resistance was modeled. Fig. 7 shows the torque and flux responses when the stator resistance changes as indicated by Fig. 7(a) . It is seen that the stator flux and the torque deviate from their reference values. These deviations may cause the Fuzzy DTC drive system to become unstable.
The PI-Fuzzy estimator of Fig. 6 was incorporated into sensorless Fuzzy DTC system as indicated by Fig. 5. Fig. 8 shows the tracking performance of the estimator to the actual change in s R . The estimation error is approximately 0.025%, as in Fig. 8(b) . Fig. 8 shows the torque and flux response of the sensorless DTC for an abrupt change in s R when stator resistance changes as indicated in Fig. 8(a) . It is seen from Figs. 8(c) and (d) that the torque and stator flux are constant with the PI-fuzzy resistance estimator.
(g) (h) Fig. 7 . Response due to step stator resistance change (uncompensated)
Sensorless control system based on MRAS
The MRAS sensorless control is based on the motor current model in the rotating dq frame, Fig. 5 . (18) According to the PMSM current model described by Eq. (17), the estimation model can be obtained and can be expressed as follows: i are the estimated value of equivalent dq axis currents respectively, and r ω is the estimated value of electrical rotor speed. According to the classical theory of MRAS, there should be two models including a reference model and an adjustable model. In this paper, the motor is the reference model and the current model of the PMSM (described by Eq. (19) ) is the adjustable model. The estimated value of rotor rotating speed r ω will converge to the true value r ω through an appropriate adaptive mechanism.
In this process, the most critical work is to get a suitable adaptive mechanism and ensure the stability of the system. If we define a generalized error e , the equation of the generalized error will be obtained by extracting Eq. (19) from Eq. (18) :
Where :
Because, the mechanical time constant is must greater than electrical time constant, the parameter r ω in matrix A can be considered as a time invariant parameter in the digital control system. Then, it is easy to find that the system described by Eq. (20) is a standard nonliear time-
(g) Fig. 8 Response due to step stator resistance change (compensated) varying feedback system. So Popov's hyperstability theory based on the standard feedback system can be utilized to design the adaptive mechanism. In order to describe the system as a complete standard feedback system, Eq. (22) 
According to hyperstability theory, as a stability condition, the Popov integral inequality [12] described by (22) must be fulfilled:
Where 0
γ is a limited positive number.
In this control system, the Popov integral inequality is specifically described by inequality (23) .
As the adjustable parameter r ω which has converged to the real parameter r ω in reference model is necessary to direct torque control, there should be "memory" in adaptive mechanism. Then the integrator can be adopted and r ω can be assumed as follow : ...
In order to obtain suitable ( )
, an integral inequality which is well known can be utilized, and ti is shnown as inequality (26 
According to the inequality (27), it is easy to make assumptions described by Eqs. (27) and (28). 
Therefore the estimated speed will be obtained by combining Eqs. (24) and (29):
In order to improve the dynamic performance, the proportional regulation can be added into the adaptive mechanism [12] . Finally the adaptive mechanism is a PI regulator shown by Eq. (31).
To estimate the position of rotor, the integral operation is performed as :
We illustrate in Figs. 9-11 and 12 the steady-state responses of the sensorless (drive) fuzzy DTC PMSM drive under full load condition at a speed of 600rd/s. In Fig.  9 , the reference, estimated and actual speed signals are shown in red, black and blue respectively. The estimated and reference torque and flux signals are shown in Figs. 11 and Fig. 12 respectively. We can assert that the MRAS observer tracks the actual speed very well and the estimation error is very small, Fig. 10 .
Simulation results
In this study, a simulation model of a three degree-offreedom model of the vehicle is presented in order to evaluate the effectiveness of the proposed control system. The proposed system uses the vehicle speed, the slope angle and the steering angle as input parameters and calculates the required inner and outer speeds. The four motors are controlled by a fuzzy direct torque control through an inverter supplied by DC voltage source E of 510 (volt). Table 2 summarizes the vehicle characteristics and parameter numerical values. The parameters of the PMSMs are given in Table 3 . Fig. 13 shows the dynamical model of the considered electric vehicle with a four in-wheel motors' topology that was numerically implemented on Matlab / Simulink. This scheme consists of a block capable of representing the different dynamics of the vehicle which has the steering angle δ , the slope angle p α and the rotational speeds of will result on (a better) the best stability of vehicle in the curved trajectory of the road, and for various conditions of the environment. When the steering angle is equal to zero, the electric vehicle drives on the straight road and the electronic differential does not need to work (intervene).
On the other hand, if the steering angle changes, it indicates that the vehicle is making a turn and the electronic differential begins to work (be part of the speed control system involving 4 drives). The common reference speed * ω is then set by the accelerator pedal command.
The actual reference speeds for the left drives ( , and when the steering angle reaches its maximum value at 15 t s = , and still be maintained at the mentioned value about 5 seconds and then it is brought to zero at 23 t s = . After that, the vehicle is steered towards the right from the instant of 27 t s = for a period of 11 seconds before being put back to its trajectory at the instant 38 t s = . The sensorless fuzzy direct torque control (FDTC) based strategy imposed on each motor-wheel system is also applied to the four-wheel drive. Fig. 15 shows the trajectory traced out by the vehicle. It is clearly shown that the vehicle starts from rest and continues on its linear path until the steering angle starts to rise by imposing a left turn at first. Then, a turning to the right causes the vehicle to change its direction, and thus continues its journey until the end of the simulation time. Fig. 16(a) shows the longitudinal velocity of the vehicle x v . We notice a dissipation of energy due to the lateral sliding. This dissipation is reflected by a slight decrease on the speed when the vehicle is cornering as reported in Fig.  16(b) . In fact we can notice a slight decrease when the driver applies a steering. As for the lateral velocity y v and the yaw moment r , we can immediately recognize that their existence depends solely on the steering angle reference as shown in Fig. 17 and Fig. 18 . We can clearly see that these two speeds occur only during cornering and they vanish when the vehicle is traveling on a straight road. It is interesting to note that the lateral and angular speeds of the vehicle keep the same waveform compared to the steering angle, and only their amplitudes vary. Fig. 19 (a) shows the estimated rotational speeds of the motors. We notice that they have the same speed variations from the start up to the establishment of the steady state speeds as long as the vehicle runs on a straight path. We suppose that the turns are made at a constant speed, the driver gives a steering angle that begins to be a steering angle of the guiding wheels (front wheels). The electronic differential acts immediately on the four motors simultaneously, lowering the speed of the wheels that are located inside the turn, on the contrary of those located outside the turn. At that time, the speeds of the wheels change values which will have an immediate impact on the electrical and mechanical quantities. During the first steering, the motors (M1 and M2) located outside of the turn's curvature, rotate at higher speeds than motors (M3 and M4). On the other hand, we can notice that the motors (M3 and M4) rotate at higher speeds than the motors (M1 and M2) during the second steering as can be seen in Fig. 19 (b) . Fig. 20 depicts the linear speed of wheels. A good tracking of the longitudinal velocity of the vehicle can be observed. In fact, we can notice also a slight decrease when the driver applies a steering. However, similar responses could be noticed for the speeds of the 4 driving wheels of the vehicle, as shown in Fig. 16 . The behaviour of the lateral slip of wheels is illustrated by Fig. 21 The lateral side slip of front and rear wheels are shown in Fig. 22 , as well.
The variation of the lateral force of front and rear wheels are shown in Fig. 23 . As shown in this figure and during the turn trajectory of the vehicle, the lateral force applied to both front and rear driving wheels show different values.
It can be observed in Fig. 24 , that the adhesive coefficient of the outer driven wheels is bigger than those of the inner one. Therefore, the stability is maintained during the vehicle turn. Fig. 25 illustrates the traction forces generated by the motors of the front axle (M1 and M3) and the two motors of the rear axle (M2 and M4). First, we notice high traction forces are provided by the motors for moving the vehicle from startup. This seems logical since these forces must overcome the overall resisting forces to the movement of the vehicle. Moreover, we may also report a discrepancy between the traction forces during the movement through a turn. Indeed, the motors located within the curvature of the turn produce lower traction forces than those of the motors that are outside the curvature of the turn. This scheme also applies to the load torques imposed on the motors as can be seen in Fig. 26 . Fig. 25 shows the difference in the traction forces of motors during the completion of a turn. This can also be (Fig. 19 ) and the resistant torque of motors (Fig. 26) . When the speeds of motors on the left side and right side diverge, the left wheels slow down and the right wheels speed up to traverse the turn. Fig. 27 (a) illustrates the variation of the electromagnetic torque of the motors. We have first, a high torque during the start up, the motors maintain these high electromagnetic torques from start up until the time their stabilized speeds are reached. At this time, the motor torques begin to decrease and then stabilize at a certain set point. We can also notice a discrepancy between the motor torques each time it passes through a turn. The electromagnetic torques developed by the motors (M3 and M4) are higher than those of the motors (M1 and M2) at the first turn but during the second turn, the opposite is verified as can be clearly seen in Figs. 27 (b) and Fig. 27 (c) . It can be observed that the torques of the outer motors are greater than that of the inner ones.
The phase currents variations of the motors (M1 and M3) are illustrated in Figs. 28 (a) and (b).
Conclusion
In this paper, a new technique improving the sensorless control performances for in-wheel electrical vehicles under stator resistance uncertainties is proposed. A PI-fuzzy stator resistance compensator is designed and applied to eliminate the effect of stator resistance variation in sensorless fuzzy DTC controlled in-wheel electrical vehicles. The performance of PI-fuzzy estimator is verified by modelling based on Matlab/Simulink. These studies show that the PI-fuzzy stator resistance estimator is capable of tracking the stator resistance very well and can also overcome the problem of instability caused by a large mismatch between the controlled and the actual stator resistance. The sensorless control was carried out on inwheel based on MRAS method. The simulation results exhibit good performance of control in dynamic and steady state. A three-degree freedom vehicle model was employed in the simulation. The proposed sensorless control system on a curved road can significantly improve vehicle handling performance. 
